ZrO 2 -based composites reinforced with 6.5 vol.% of carbon foam, carbon fiber, and graphite were fabricated using spark plasma sintering, and characterized using scanning electron microscopy and X-ray diffractometry. Their thermal properties were also investigated. The microstructures of the reinforced composites showed that carbon fiber fully reacted with ZrO 2 , whereas carbon foam and graphite did not. The carbothermal reaction of carbon fiber had a negative effect on the thermal properties of the reinforced ZrO 2 composites because of the formation of zirconium oxycarbide. Meanwhile, the addition of carbon foam had a positive effect, increasing the thermal conductivity from 2.86 to 3.38 W m À1 K À1 at 1,100 C.
Introduction
Transuranic elements (TRU) including plutonium (Pu) and minor actinides (MA) are produced as a result of uraniumbearing fuel. This has resulted in a TRU stockpile. A typical nuclear power reactor generates 28 kg of Pu per Terawatt-hour (TW h) (reactor-grade Pu) [1] . In addition, the dismantling of nuclear weapons is expected to produce Pu (weapon-grade Pu). Moreover, the world stockpile of MA is estimated to be about 3 kilotons (kt) [2] . The increasing stockpile of TRU (Pu and MA) in spent fuel can be managed by burning them in fission reactors. One way of burning TRU that has been proposed is the inert matrix fuel (IMF) concept, where a U-free matrix is used to avoid additional TRU generation [3] . The concept of the IMF was developed in the early 1960s with the objective of solving the problem of Pu surplus, by burning it in light and heavy water reactors. Based on this objective, the potential matrices for IMFs are required to have a low neutron absorption cross section, good thermal conductivity, good chemical stability, a high melting point, and high density [3] . The performance of an IMF is very important for commercial usage. In terms of the suitability of IMF for waste disposal, the chemical stability of an IMF should make it a suitable and safe option for the geological disposal of radioactive waste [4] . The solubility tests performed on an IMF using a yttria-stabilized zirconia (YSZ) matrix showed that the IMF is three times less soluble than UO 2 fuel under reducing conditions, and about six times less under oxidizing conditions [5] . In terms of the irradiation stability, the irradiation test performed on the IMF using YSZ and calcium-stabilized zirconia (CSZ) as a matrix showed that IMF has good irradiation stability, but they experience a higher centerline temperature, more swelling, and greater fission gas release than the standard uranium oxide fuel (UO 2 ) [6] .
Since the development of the IMF concept, several materials have been proposed to be used as an IMF for MA incineration, including zirconia (ZrO 2 ), YSZ, CSZ, MgOeZrO 2 , SiC, Si 3 N 4 , and most recently, zirconium metal [3, 7] . Zirconia (ZrO 2 ) was proposed to be used as IMF first because of its outstanding radiation resistance, good chemical stability, and its low neutron absorption cross section. However, it has low thermal conductivity and it undergoes an allotropic change from a monoclinic to a tetragonal lattice structure. The allotropic changes can be avoided by using YSZ and CSZ, but still they have a low thermal conductivity [8] . The low thermal conductivity has a negative impact on the general performance of the material, causing high centerline temperatures, large temperature gradients and thermal stresses, high fission gas release, etc. [9] . Therefore, it is beneficial to enhance the thermal conductivity of IMF.
A variety of methods can be used to improve the thermal conductivity of zirconia. One way is the application of spinel composites using a mixture of MgAl 2 O 4 and ZrO 2 as a matrix [10] . Another way is the use of heterogeneous matrices such as CereCer (ceramic in an inert matrix) or cermet (ceramic in a metallic inert matrix) [11, 12] . However, the material properties of the fuel matrix can be affected by the addition of a large volume fraction of a secondary element. Adding high thermal conductivity materials in small fractions so that they do not affect the other properties of the matrix material seems to be more effective.
The properties of the carbon materialsdlow thermal expansion coefficient, low atomic number, high thermal shock resistance, high melting point, and good thermal conductivitydmake them a good choice as reinforcement materials [13] . Carbon foam is thermally stable and has a threedimensional (3-D) structure [14] . The carbon fiber has outstanding mechanical and thermal properties, and it has been used as a reinforcement material for different materials including zirconia [15e18] . Graphite can also be a reinforcement material because it has a high stiffness and strength, in addition to its high thermal conductivity [19] .
Regardless of the need for yttrium or calcium to stabilize the microstructure, this study investigated the effect of different reinforcement materials on the thermal properties of a zirconia matrix. YSZ and CSZ systems are expected to be more complicated, especially when a reinforcing phase is incorporated.
In this study, reticulated vitreous carbon foam, chopped carbon fiber, and graphite powder reinforced ZrO 2 were prepared using the spark plasma sintering (SPS) method. The samples were then characterized using scanning electron microscopy (SEM) and X-ray diffractometry (XRD) to examine the cross-sectional microstructures of the samples and identify the phases of the sintered samples, respectively. The effect of adding carbon fiber, vitreous carbon foam, and graphite to the thermal properties of ZrO 2 was studied, and the experimental results of the ZrO 2 composites with different reinforcement additives were analyzed and compared.
2.
Experimental procedure
Materials
Graphite powder (Sigma-Aldrich, St. Louis, USA; 60% of the particles in the 10e20-mm size range [20] ), reticulated vitreous carbon foam (Good Fellow, Huntingdon, UK; 2.5 mm in frame thickness) with an open porosity of 96.5% and chopped carbon fibers (T700, provided by Toray, Tokyo, Japan; 7 mm in diameter, 5 mm in average length) were used as reinforcement additives for the ZrO 2 (Sigma-Aldrich; 5 mm) matrix with a volume fraction of 6.5%. These materials were added to a graphite mold (13 mm in diameter) and sprayed with BN to prevent the powder from reacting with the mold.
Preparation of composite samples
The reinforced composites were prepared using different methods. For carbon foam reinforced ZrO 2 composites, the mold, containing carbon foam and ZrO 2 powder, was shaken manually to assure the ZrO 2 powder effectively filled the pores of the carbon foam. For carbon fiber and graphite reinforced ZrO 2 composites, carbon fibers or graphite particles and ZrO 2 powder were mixed using a ball mill machine (with a powder/ ball ratio of 1:15) for 12 hours.
Sintering
The samples were sintered using SPS at a heating rate of 100 C/min and held at a temperature of 1,700 C for 10 minutes in a vacuum level of 10 À3 Torr under a compressive pressure of 50 MPa.
Density measurement and characterization
The sintered densities of composite pellets were measured using an Archimedes principle following the ASTM B311 standard test method, and the microstructures of the samples were observed using SEM. The crystal structures of the sintered pellets were identified with XRD.
Thermal conductivity measurement
The thermal conductivities of reinforced ZrO 2 based composite pellets were determined by measuring the thermal diffusivities, specific heat capacities, and thermal expansion coefficients at room temperature, 500 C, 800 C, and 1,100 C. A laser flash instrument (LFA457) was used to measure the N u c l E n g T e c h n o l 4 7 ( 2 0 1 5 ) 6 1 7 e6 2 3 thermal diffusivities, and differential scanning calorimetry was used to measure the specific heat capacities of composite pellets. The densities of the sintered samples at different temperatures were calculated using the thermal expansion coefficients with a measured density at 25 C.
Results and discussions
SEM images of the cross sections of carbon foam, carbon fiber, and graphite reinforced ZrO 2 sintered composite samples are shown in Fig. 1 . For carbon foam reinforcement, the interface between the carbon foam and the ZrO 2 was identified and the structure of the carbon foam was not destroyed after sintering (Fig. 1A) . This indicates that ZrO 2 effectively filled the pores of the carbon foam and prevented the collapse of the carbon foam structure. Moreover, the carbon foam was homogenously distributed in the sintered sample, creating a percolating network. For carbon fiber reinforcement, carbon fiber reacted with the ZrO 2 matrix and a new phase was detected (Fig. 1B) . The graphite particles were agglomerated and randomly distributed in the sample, and an interaction layer was observed at the interface between the graphite and ZrO 2 matrix (Fig. 1C) . Fig. 2 shows the XRD analysis of carbon foam, carbon fiber, and graphite reinforced composites. As can be seen from Fig. 2 , no new phase was detected in the carbon foam reinforced ZrO 2 composites and only ZrO 2 was detected ( Fig. 2A) , whereas both ZrC and ZrO 2 were detected in carbon fiber and graphite-reinforced ZrO 2 , indicating that a reaction took place between the carbon and ZrO 2 .
At a high temperature, ZrO 2 and carbon may react together through the carbothermal reduction reaction, which can result in the formation of a ZrC phase. The thermochemical properties of the constituents in the carbon containing ZrO 2 composites are shown in Table 1 [21] .
Using the thermochemical properties listed in Table 1 , the standard Gibbs free energy change for the carbothermal reduction reaction of ZrO 2 can be calculated using Eq. (1). Eq. (2) takes into consideration the effect of vacuum pressure (0.133 Pa) [22] .
where G is the standard Gibbs free energy (J mol
À1
), H is the enthalpy (J mol À1 ), T is the temperature (K), and S is the entropy (J mol À1 K
). Taking thermodynamics into account, the carbothermal reduction reaction of ZrO 2 becomes more likely when the change in the Gibbs free energy becomes less than zero (i.e., 1,610 C at atmospheric pressure and 1,162.6 C at vacuum pressure in this experiment). Several studies have been published about the carbothermal reduction of zirconia with carbon materials and the main factors that affect the carbothermal reduction process [23, 24] . They found that the larger the surface area and the lower the degree of graphitization, the higher the reactivity of the carbon material. Tan et al [25] , Lee et al [26] , and Tingry et al [27] measured the surface area of carbon foam, carbon fiber, and graphite, and by 
comparing the surface area, it was found that carbon foam had the lowest value. The thermal conductivities of pure ZrO 2 and reinforced ZrO 2 composites are shown in Fig. 3 . The experimentally measured thermal conductivity values of reinforced composites were compared with the thermal conductivity values of Pure ZrO 2 at room temperature, 500 C, 800 C, and 1,100 C.
The carbon foam reinforced ZrO 2 composites showed an increase in thermal conductivity, whereas the others showed a decrease in thermal conductivity compared with that of pure ZrO 2 . At 1,100 C, the carbon foam reinforced ZrO 2 composites had a thermal conductivity of 3.39 W m À1 K
, with an increase of about 18% compared with that of pure ZrO 2 . By contrast, the carbon fiber and graphite reinforced ZrO 2 composites showed relatively lower values of thermal conductivity than pure ZrO 2 composites, with a thermal conductivity of 2.06 W m À1 K À1 and 1.72 W m À1 K
, respectively.
The thermal conductivity of the composites depends on the thermal conductivity of the reinforcement, the porosity of the composite, and the phase formed from the chemical reaction between the composite and the reinforcements. All sintered composites were fully densified, and no pores have been observed in the sintered composites by the SEM image analysis. From the XRD and SEM analyses, it was found that 
carbon fiber and graphite reacted with ZrO 2 through the carbothermal reduction reaction. This reaction may trigger the formation of the ZrC phase, but the thermal conductivity of ZrC is high, so this should improve the thermal conductivity of composites [28] . The carbothermal reduction reaction between zirconia and carbon was investigated by several research groups, and they reported that as a result of this reaction, a zirconium oxycarbide is formed [29] . The replacement of carbon atoms by oxygen atoms could be the reason for the low thermal conductivity of carbon fiber or graphite reinforced ZrO 2 composites. However, further investigations are necessary to confirm the formation of the oxycarbide. Different approaches have been proposed to overcome the problem of low thermal conductivity of zirconia based on their thermal and neutronic properties, including dual-phase MgOeZrO 2 , rock-like oxide fuel (MgAl 2 O 4 eZrO 2 ), and zirconia doped with erbia, yttria, and ceria [10e12]. The thermal conductivity of the rock-like fuel with 17.7% volume fraction of MgAl 2 O 4 was measured at about 2.5 W m À1 K À1 [10] . The doped zirconia composites had a thermal conductivity of about 1.9 ± 0.15 W m À1 K À1 [11] . The dual-phase concept showed an improved thermal conductivity up to 5 W m À1 K
, but with a high volume fraction of 40% at 1,100 C [12] . In this study, a small volume fraction was used (up to 6.5%), and the improvement in thermal conductivity was comparable with that in previous studies where a high volume fraction of an additive phase was used. This can be attributed to the 3-D structure of carbon foam and the formation of its percolation network. The formation of the percolation network provides a path for phonons in thermal conduction and prevents phonon scattering via defects in the composites [30] . Some studies used graphene, carbon nanotubes (CNTs), and carbon fiber as reinforcement for zirconia [14, 15, 31, 32] . Carbon fiber reinforced zirconia composites were fabricated using hot pressing at maximum temperatures of 1,400e1,650 C, and the result of that study showed that at higher sintering temperature, a new interfacial area was formed that caused the degradation of the mechanical properties of the composites [14, 15] . In zirconia reinforced with CNTs at a high processing temperature, the CNTs did not retain their microstructure and underwent damage to their microstructure [31] . The graphene reinforced zirconia composites significantly increased the mechanical and electrical properties, but the thermal diffusivity increased by only 12% with the addition of graphene. This might be attributed to the small volume fraction (4.1%) [32] . The thermal conductivity for two-phase composites with low volume fraction and full densification can be calculated with adequate accuracy using the MaxwelleEucken equation [33] 
where K, K m , and K r are the thermal conductivity for the composite, matrix, and reinforcement, respectively, and V r is the volume fraction of the reinforcement. Zhao et al [34] proposed an empirical correlation for the thermal conductivity of glassy carbon as a function of temperature. Those values (Table 2) can be used to compare the experimental values of thermal conductivity with the values predicted by the Maxwell model for reinforced composites (Fig. 4) . As can be seen in Fig. 4 , there is a good general agreement between the Maxwell model values and the measured values in terms of thermal conductivity for the carbon foam reinforced ZrO 2 composites.
Conclusions
Carbon foam, carbon fiber, and graphite reinforced ZrO 2 -based composites were prepared using SPS at 1,700 C and characterized with SEM and XRD. The results indicate an improvement in the thermal conductivities of carbon foam reinforced ZrO 2 -based composites, and degradation for the carbon fiber or graphite reinforced ZrO 2 -based composites. The SEM images and XRD analyses of the reinforced composites showed that the 3-D carbon foam was homogenously distributed in the ZrO 2 matrix. In addition, no cracks were seen in the composites, and the interfaces between the reinforcement material and ZrO 2 matrix were intact. By contrast, the carbon fiber reacted with the ZrO 2 matrix completely, forming ZrC or zirconium oxycarbide. The carbothermal reduction of ZrO 2 into ZrC or zirconium oxycarbide caused degradation of the thermal properties of ZrO 2 -based composites.
This study suggests that the structure and thermal stability of the reinforcement materials have major effects on the thermal conductivity of the ZrO 2 -based inert matrix fuel.
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